The Agaricomycetes are fruiting body forming fungi that produce some of the most efficient 27 enzyme systems to degrade woody plant materials. Despite decades-long interest in the 28 ecological and functional diversity of wood-decay types and in fruiting body development, the 29 evolution of the genetic repertoires of both traits are incompletely known. Here, we sequenced 30 and analyzed the genome of Auriculariopsis ampla, a close relative of the model species 31
Introduction
Mushroom-forming fungi (Agaricomycetes) are of great interest for comparative genomics due 46 to their importance as wood-degraders in global carbon cycling and as complex multicellular 47 organisms that produce agriculturally or medicinally relevant fruiting bodies. Recent advances in 48 genome sequencing has brought new light on several aspects of lignocellulose decomposition 49 and the genetic repertoire of fruiting body development in mushroom-forming fungi [1] [2] [3] [4] [5] . 50
The Agaricomycetes display diverse strategies to utilize lignocellulosic substrates. While 51 genomic analyses have helped to uncover the main patterns of duplication and loss of plant cell 52 wall degrading enzyme (PCWDE) families, our understanding of the enzymatic repertoires of 53
Agaricomycetes and how they use it to degrade various lignocellulosic components of plants is 54 far from complete. Fungi have traditionally been classified either as white rot, in which all 55 components of the plant cell wall are being degraded 6 , or brown rot, in which mostly cellulosic 56 components are degraded, but lignin is left unmodified or only slightly modified 7 . Several 57 species have been recalcitrant to such classification, which prompted a reconsideration of the 58 boundaries of the classic WR and BR dichotomy 8, 9 . Such species are found across the fungal 59 phylogeny, but seem to be particularly common among early-diverging Agaricales, including the 60 Schizophyllaceae, Fistulinaceae and Physalacriaceae 2,8,9 . Schizophyllum commune, the only 61 hitherto genome-sequenced species in the Schizophyllaceae, for example, produces white rot like 62 symptoms, but lacks hallmark gene families (e.g. lignin-degrading peroxidases) of WR fungi 2,8-63 6 Auriculariopsis and Schizophyllum have unusual wood-decay strategies 115 The substrate-wise phylogenetic PCA portrays a separation of these two species from the other 116 29 species used in this dataset. In the case of cellulases, these two species cluster together with 117
WRs and S/L/O, suggesting a similar arsenal of CAZymes acting on the cellulose degradation 118 ( Figure 1b ). Enzyme families acting on crystalline cellulose (cellobiohydrolases -GH6, GH7) 119 were present in lower numbers than in WRs and S/L/O species, but similar to ectomycorrhizal 120 ones. The pattern was mostly identical for hemicellulases and pectinases ( Figure 1b) where 121
CAZyme copy numbers were similar to that of white rotters and litter decomposers. However, 122 some CAZymes related to xylanase and pectinase activities including xylosidases, pectate lyases, 123 pectin acetylesterases, and acetyl xylan esterases (AA8, GH30, GH43, GH95, CE12, PL1, PL3, 124 PL4) have higher copy numbers in the two species than in most WRs. This could imply their role 125 in hemicellulose and pectin degradation, as reported previously 10 . However, ligninolytic 126
CAZymes revealed a clear difference from WR species. The absence of class II peroxidases in 127 both species 6-8 , made them cluster towards ectomycorrhizal and BR species. Copper radical 128 oxidases (CROs) are known to be responsible for the production hydrogen peroxide and were 129 also reported to have a significantly different repertoires in BRs and WRs 9 . In our analysis we 130 found very low numbers of CROs (AA5) in Auriculariopsis and Schizophyllum as compared to 131 7 phylogenetic PCA of putative suberinases A. ampla For comparison with S. commune, we generated RNA-Seq data from 5 developmental 165 stages of A. ampla (vegetative mycelium, stage 1 and stage 2 primordia, young and mature 166 fruiting bodies, see Figure 2a -b,d) in biological triplicates, >30 million (30-78M, mean: 46M) 167 paired-end 150 base reads for each sample on Illumina platform (mean read mapping: 83%, 168 Supplementary Table 2 ). Corresponding data for the same developmental stages (Figure 2c to each other, whereas young fruiting bodies and mature fruiting bodies formed distinct groups. 174
We identified 1466 developmentally regulated genes in A. ampla, which is similar in magnitude 175 to that reported for S. commune, but less than that for more complex species (e.g. Coprinopsis, 176
Armillaria; taken from (ref. 3). Of the developmentally regulated genes, 967 showed a 177 significant (≥4) fold change in the transition from vegetative mycelium to stage 1 primordia. In 178 terms of significantly differentially expressed genes (DEGs), the highest numbers of up and 179 downregulated were also found between vegetative mycelium and stage 1 primordia (1166 and 180 842 genes, Figure 3b ), which is consistent with the position of samples on the MDS plot ( Figure  181 3a). Much fewer genes were differentially expressed between stage 1 and 2 primordia and 182 between stage 2 primordia and young fruiting bodies. In fruiting bodies, we found 110 and 37 183 significantly up-and downregulated genes, respectively, a comparatively higher number that is 184 potentially related to sporulation. 185
We assessed the similarity between the 2 species' developmental transcriptomes by 186 analyzing the expression of one-to-one orthologous gene pairs, hereafter referred to as co-187 orthologs. To identify co-orthologs, proteomes of A. ampla and S. commune were clustered into 188 18,804 orthogroups using MCL, of which 7463 represented co-orthologs. Of these, 7369 co-189 orthologs were expressed under our experimental conditions in both species (Supplementary 190 Table 3). Pairwise comparison between developmental stages showed highest similarity within 191 species across all 7369 co-orthologs ( Figure 4a ). This pattern was more pronounced in an 192 analysis of developmentally regulated co-orthologs ( Figure 4b has diverged at a high speed since their divergence. This is surprising in comparison to similar 206 analyses of animals, where gene expression patterns could be predicted from tissue identities 207 across the entire mammalian clade 41 . This suggests that fruiting body development evolved at a 208 high rate, erasing identities of similar developmental stages across species. Nevertheless, these 209 data show that during fruiting body maturation gene expression dynamics shows conserved 210 patterns among phylogenetically closely related species. These data further indicate that there 211 should be genes with similar expression profiles in A. ampla and S. commune. 212
Despite the low global similarity, several genes with conserved expression patterns could 213 be identified. The most highly upregulated co-ortholog in A. ampla and S. commune was a heat 214 shock protein 9/12 family member, that is homologous to Aspergillus nidulans awh11 and S. 215 cerevisiae hsp12, farnesol-responsive heat shock proteins. These genes had a significant 216 upregulation in stage 1 primordia of both A. ampla and S. commune (fold change 254x and 855x, 217 respectively) and had high expression values in all fruiting body tissues (>5,000 FPKM, 218 maximum fold change within fruiting bodies 3.4-3.7), suggesting an important role of heat shock 219 proteins during fruiting body development. In further support of this hypothesis, homologs of 220 these genes were found developmentally regulated or differentially expressed also in Laccaria 221 bicolor 21 , Lentinula edodes 42 , Armillaria ostoyae, Coprinopsis cinerea, Lentinus tigrinus, and 222
Rickenella mellea 3 . Another co-orthogroup with large upregulation in stage 1 primordia 223 included A1 aspartic proteases, although the expression dynamics were somewhat different in 224 the two species. We observed an induction in stage 1 primordia in both, but, while upregulation 225 in A. ampla was >200x compared to VM, it was only 14x in S. commune. Aspartic proteases of 226 the diverse A1 family have been reported as highly induced in fruiting bodies in several previous 227 studies 3,21,42-44 , although no mechanistic hypothesis for their role in fruiting body development 228 has been proposed yet. 229
Putative fruiting body genes are developmentally expressed 230 We further examined the expression patterns of previously reported fruiting body genes in A. 231 ampla. Of the fungal cell wall (FCW) associated genes, hydrophobins were mostly 232 developmentally regulated (8 out of 11 genes) in A. ampla ( Supplementary Figure 2) , often with 233 significantly increased expression coincident with the transition from vegetative mycelium to 234 stage 1 primordia (in six genes), as observed previously 1, 42, [45] [46] [47] . Several members of two 235 functionally similar families, cerato-platanins (4 of 5 genes dev. reg.) and expansin-like genes 236 
Conserved patterns of transcription factors expression 291
We examined expression patterns of transcription factors (TFs) and their similarity between the 292 two species. We identified 433 and 437 TFs in the genomes of A. ampla and S. commune 293 respectively, of which 252 were co-orthologs. These were distributed across 28 TF families, with 294 C2H2-type Zinc finger and Zn (2)-C6 fungal-type TFs being the most dominant (Supplementary 295   Table 4 ). Individually, 14,5% and 16% of the Auriculariopsis and Schizophyllum and 17% of the 296 co-orthologous TFs were developmentally regulated, respectively. 297
These included 5 of the eight previously characterized TF genes of S. commune 1 : c2h2, 298 gat1, hom1, tea1 and fst4 showed significant changes in expression, in most cases at the 299 initiation of fruiting body development, whereas fst3, bri1 and hom2 showed more or less flat 300 expression profiles ( Figure 5 ). These expression profiles are consistent with previous RNA-Seq 301 based reports 24 in Schizophyllum and other species 65,77-79 , except in hom1 and gat1, which, in 302 our data behaved differently, probably due to the different resolution of developmental stage 303
data. The expression profiles of all eight genes were very similar between A. ampla and S. 304 commune. Homologs of Lentinula edodes PriB 80,81 (Auramp1_518770, Schco3_2525437) were 305 14 also developmentally regulated, with an expression peak in stage 1 primordia. Homologues of 306
Coprinopsis exp1, which was reported to be involved in cap expansion 82 , were present in both 307 species and had a matching expression profile, but were not developmentally regulated in our 308 data. In our experiments, exp1 homologs (Auramp1_481073, Schco3_2623333) showed highest 309 expression in vegetative mycelia and lower expression afterwards, which might be related to the 310 lack of proper caps in A. ampla and S. commune. 311
Of the 252 co-orthologous TFs, 42 were developmentally regulated in both species, 27 of 312 which had similar expression profiles between A. ampla and S. commune. Nine of the most 313 interesting of these TFs are shown on Figure 5 . Three of these genes showed highest expression 314 in vegetative mycelia and are probably not relevant to fruiting body development. For the other 315 six genes an upregulation was observed at the transition from vegetative mycelia to stage 1 316 primordia, which is compatible with potential roles in the initiation of fruiting body development 317 or accompanying morphogenetic changes. Such TFs, with conserved, developmentally dynamic 318 expression might be related to sculpting the specialized, cyphelloids fruiting body morphologies 319 of Auriculariopsis and Schizophyllum or more widely conserved fruiting body functions. This 320 also shows the power of comparative transcriptomics to identify genes with conserved 321 expression patterns during fruiting body development 83 and to generate hypotheses that are 322 testable by gene knockouts or functional assays. 323 324 We detected several genes encoding short proteins with extracellular secretion signals (SSPs) in 325 the fruiting body transcriptomes. In A. ampla and S. commune 316 and 354 SSPs were detected, 326 respectively, half of which contained no known InterPro domains (Figure 6a , Supplementary 327 Table 6 ). The SSPs in the two species belonged to 283 orthologs in A. ampla, and 315 in S. 328 commune. Out of these, 133 orthologs were shared by the two species, whereas 150 and 182 329 were specific to A. ampla and S. commune, respectively (Figure 6b ). The 133 shared orthologs 330 contained 162 proteins, of which 39 were developmentally regulated in A. ampla and 158, with 331 54 developmentally regulated in S. commune. From these, 20 orthologs were developmentally 332 regulated in both species (Figure 6d ) and had a similar expression profile. Annotated SSPs in the 333 two species (Figure 6c Figure 4) . 338
Small secreted proteins show dynamic expression in fruiting bodies
We detected several developmentally regulated SSP-s with no annotations, some of 339 which showed high expression dynamics (FC>50, Figure 6e ). We found 8, 15 and 2, 340
Auriculariopsis-specific, Schizophyllum-specific and shared SSPs, respectively, with no known 341 domains but a high expression dynamics ( Supplementary Figure 4 , Supplementary Table 6) Tissue Culture kit (Qiagen), following the manufacturer's protocol. The genome was sequenced 402 using Pacific Biosciences RS II platform. Unamplified libraries were generated using Pacific 403
Biosciences standard template preparation protocol for creating >10kb libraries. 5 ug of gDNA 404 was used to generate each library and the DNA was sheared using Covaris g-Tubes (TM) to 405 generate sheared fragments of >10kb in length. The sheared DNA fragments were then prepared 406 using Pacific Biosciences SMRTbell template preparation kit, where the fragments were treated 407 with DNA damage repair, had their ends repaired so that they were blunt-ended, and 5' 408 phosphorylated. Pacific Biosciences hairpin adapters were then ligated to the fragments to create 409 the SMRTbell template for sequencing. The SMRTbell templates were then purified using 410 exonuclease treatments and size-selected using AMPure PB beads. Sequencing primer was then 411 annealed to the SMRTbell templates and Version P6 sequencing polymerase was bound to them. 412
The prepared SMRTbell template libraries were then sequenced on a Pacific Biosciences RSII 413 sequencer using Version C4 chemistry and 4-hour sequencing movie run times. were quality trimmed using CLC Genomics Workbench 9.5.2 (CLC Bio/Qiagen), removing 470 ambiguous nucleotides as well as any low quality read ends. Quality cutoff value (error 471 probability) was set to 0.05, corresponding to a Phred score of 13. Trimmed reads containing at 472 least 40 bases were mapped using the RNA-Seq Analysis 2.1 package in CLC requiring at least 473 80% sequence identity over at least 80% of the read lengths; strand specificity was omitted. 474
Reads with less than 30 equally scoring mapping positions were mapped to all possible locations 475 while reads with more than 30 potential mapping positions were considered as uninformative 476 repeat reads and were removed from the analysis. we only considered genes upregulated in primordia, to exclude genes that showed a highest 491 expression in vegetative mycelium because those might be related to processes not relevant for 492 fruiting body development (e.g. nutrient acquisition). 493
Phylogenetic analysis 494
Single-copy orthogroups were identified in MCL clusters of the 31 Agaricomycetes and were 495 aligned by the l-ins-i algorithm of MAFFT 92 . Ambiguously aligned regions were removed using 496 the 'strict' settings of Trim-Al. Trimmed alignments longer than 100 amino acids were 497 concatenated into a supermatrix. A maximum likelihood phylogenetic analysis was performed in 498 
Analyses of Carbohydrate Active Enzymes (CAZymes)

508
The CAZymes in the 31 species used in this study were annotated using the CAZy annotation 509 pipeline 94 . Copy numbers for most species were extracted from JGI Mycocosm, whereas those 510 of Flammulina velutipes, Coprinopsis marcescibilis, and Galerina marginata were annotated for 511 this study. Of all the families found in the dataset, we took into account the CAZyme families 512 reported having a putative role in plant cell wall degradation 6, 8, 9, 22 ( Supplementary Table 5 ) and 513 analyzed their copy numbers across the 31 species. We used 45 CAZy families in our dataset 514
( Supplementary Table 5 ) and divided them based on the degradation of celluloses, 515 hemicelluloses, lignin, pectin. 516
In addition to these substrates, we also assessed genes encoding proteins with putative 517 roles in suberin and tannin degradation. We extracted the best BLAST hits (BLAST 2.7.1+, e-518 value 0.001) from the 31 species for the homologs of proteins suggested to be related to suberin 519 38,39 and tannin degradation 40 . We then identified the orthoMCL clusters of the 31 species 520 23 containing the best hits. The proteins belonging to these clusters were used for further analysis as 521 putative suberinases or tannases ( Supplementary Table 5 ). 522
In order to get insights into the nutritional strategies employed by A. ampla and S. 523 commune, we compared copy numbers of these species to that of 29 Agaricomycetes species 524 with one of five known nutritional modes: brown rotters (BR), ectomycorrhizal (ECM), 525 saprotrophs/litter decomposers/organic matter degraders (S/L/O), white rotters (WR) and 526 uncertain. To analyze the grouping of the species according to their substrate degradation 527 capabilities, phylogenetic PCA was performed using the phyl.pca 95 function from the R package 528 phytools 96 . A matrix of gene number normalized by proteome size in each organism 529
( Supplementary Table 5 ), and the ML species tree, were used as input. Independent contrasts 530
were calculated under the Brownian motion model and the parameter mode="cov". 531 Heatmaps were created for developmentally regulated genes using the heatmap.2 541 function of R 'gplot' package. Hierarchical clustering with Euclidean distance calculation and 542 averaged-linkage clustering was carried out on the FPKM values using 'hclust' function in R, 543 and heatmaps was visualized using z-score normalization on the rows via the heatmap.2 544 function. 545 546 We identified transcription factor encoding genes in the proteomes of 31 Agaricomycetes species 547 based on InterPro annotations. Only proteins containing domains with sequence-specific DNA 548 binding ability were considered as transcription factors 3 . 549
Analyses of transcriptome similarity
Identification of transcription factors and other fruiting body genes
Carbohydrate active proteins were identified through the CAZy pipeline as described above. 
Analyses of small secreted proteins 557
Small Secreted Proteins (SSPs) were identified for the two species to grasp species-specific and 558
conserved SSPs in the two species. SSPs were defined as proteins shorter than 300 amino acids, 559 having a signal peptide, an extracellular localization and no transmembrane domain. Proteins 560 shorter than 300 amino acids were subjected to signal peptide prediction through SignalP 4.1 99 561 with the option "eukaryotic". The proteins having extracellular signal peptide were checked for 562 their extracellular localization using WoLF PSORT 0.2 100 with the option "fungi" and these 563 were further checked for the absence of transmembrane helices, using TMHMM 2.0 101 . 564 565
